The influence on hippocampal glucose utiliza tion of a transient lO-min forebrain ischemia was quanti fied in male Wi star rats after 2 and 3 weeks as well as after 3 months by application of the [14C]2-deoxyglucose tech nique. Ischemia was induced by occlusion of the carotid arteries and simultaneous lowering of the blood pressure to 40 mm Hg. For identification of the hippocampal ar chitecture, sections were stained for perikarya (cresyl vi olet) and for acetylcholinesterase. The hippocampal re gions clearly showed different responses to the ischemic insult. The necrotic pyramidal cells being almost com pletely removed, significant increases in glucose utiliza tion occurred in most layers of the CAl sector at 2 and 3
Summary:
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For over 100 years it has been a well-documented fact that cell populations in the brain do not suc cumb to an ischemic insult uniformly (Sommer, 1880; Bratz, 1899) . This concept of selective vulner ability has been addressed in numerous experimen tal studies. Recently, evidence has been presented that accumulation of Ca 2 + on cellular as well as on subcellular levels (Dienel, 1984; Simon et aI., 1984a; Hossmann et aI. , 1985; Sakamoto et aI. , 1986; van Reempts et aI. , 1986; Deshpande et aI., 1987; Dux et aI. , 1987) and excessive excitatory in put due to excitatory amino acids (Benveniste et aI. , 1984; Simon et aI., 1984b; Lodge et aI. , 1986) are interwoven and play a key role in ischemic cell damage. These studies as well as work on postisch emic capillary perfusion (lmdahl and Hossmann, 1986) , impaired protein synthesis (Thiel mann et aI., weeks post ischemia, while widespread reductions pre vailed in all other sectors and the dentate gyrus. At 3 months after the ischemic insult, glucose utilization was reduced in all hippocampal structures including the CAl region. The increases in glucose utilization in the CAl sector are suggested to indicate long-lasting presynaptic hyperexcitation, while the widespread reductions in glu cose utilization demonstrate that neuronal activity is also altered in hippocampal areas that do not show major his tological damage. Key Words: Cerebral ischemia Hippocampus-Local cerebral glucose utilization Long-term recovery.
1986), and impaired normalization of pH in the CAl sector (Munekata and Hossmann, 1987) cover a time range that extends up to 7 days post ischemia. The same holds true for the extensive histological work characterizing the temporal profile of isch emic damage in gerbil and rat models of cerebral ischemia (Kirino, 1982; Pulsinelli et aI. , 1982a; Kirino et aI., 1984; Smith et aI., 1984; Schmidt Kastner and Hossmann, 1988) , the respective time points ranging from 3 h to 7 days.
Relatively few publications have dealt with func tional alterations within the hippocampus as re vealed by the 2-deoxyglucose method, and all of them have been undertaken after short-term recov eries from ischemia, the recirculation period rang ing from 4 and 30 min (Diemer and Siemkowicz, 1980; lzumiyama et aI. , 1987) , over 3-18 h (Kozuka et aI., 1989) , up to 2 days (Pulsinelli et aI., 1982b; Suzuki et al. , 1983) . Two factors detract from the merits of these studies: Either they were performed at time points when glucose metabolism could not be assumed to be in a steady state, and hence pre sumably for this reason no quantitative data are provided (Diemer and Siemkowicz, 1980; lzu-miyama et aI., 1987) , or no layer-specific data are given (Pulsinelli et aI., 1982b; Kozuka et aI. , 1989) .
Basically, the hippocampus lends itself easily to detailed functional analysis of its neuronal circuitry, since extrahippocampal afferents and intrahippo campal projections are well defined and have been shown to terminate in specific layers and sectors (Stephan, 1975; Walaas, 1983) . In previous work we have published layer-and sector-specific values of hippocampal glucose utilization in normal control rats (Wree et aI., 1988) . Recently, we demonstrated that 7 -day postischemic glucose utilization is still significantly increased in CAl pyramidal and radia tum layers but depressed in most other hippocam pal areas (Beck et aI., 1989) . In continuation of that work, the present report provides data on the time course of postischemic glucose utilization in all an atomically defined structures of the hippocampal region and further defines the temporal profile of increased glucose utilization in the CAl sector.
MATERIALS AND METHODS

Induction of ischemia
Male Wistar rats (280-320 g) were used. They were housed under controlled environmental conditions with a 12-h dark-light cycle and were fasted the night preceding the experiment but had free access to tap water. Induc tion of ischemia was performed as described by Smith et al. (1984) . Anesthesia was induced initially with 2% halo thane in a 70:30 mixture of nitrous oxide and oxygen. Halothane was reduced to 1%. The common carotid ar teries were isolated via a ventral cervical incision and loose ligatures were placed around them. The tail artery was cannulated for recording blood pressure and for mea suring blood glucose (Glucose Analyzer II; Beckman, Munchen, F.R.G.), blood gases, and blood pH (AVL gas check 940; Bad Homburg v.d.H., F.R.G.). Temperature was held close to 37°C with a closed-circuit heating lamp (Dr. G. W. Bielenberg-Werke, Marburg, F.R.G.). A sili cone catheter was advanced into the inferior caval vein via the jugular vein for withdrawal of blood and drug injection. Then the rats were orotracheally intubated and artificially ventilated (Rhema-Labortechnik, Hofheim, F.R.G.). Five milligrams per kilogram suxamethonium chloride (kindly provided by Dr. B. Kutscher, ASTA Pharma AG, Frankfurt a.M., F.R.G.) was injected intra venously at 15-min intervals to maintain muscle paralysis, followed by an injection of 200 IU/kg heparin. Needle electrodes were placed in the temporalis muscle for EEG recording. Halothane was then discontinued and ventila tion adjusted to reach physiological data as given in Table  1 . After 30 min of ventilation, ischemia was induced by injecting 5 mg/kg trimethaphan camphor sulfonate (a gift from Hoffmann-La Roche, Grenzach-Wylen, F.R.G.), clamping of both carotid arteries, and central venous ex sanguination to a blood pressure of 40 mm Hg. EEG was recorded to confirm isoelectricity. For 10 min blood pres sure was maintained at 40 mm Hg by withdrawal or rein fusion of blood. After 10 min blood pressure was restored to normal levels by reinfusion of the shed blood. One millimole per kilogram sodium bicarbonate was given to counteract systemic acidosis. During recovery blood pressure was monitored continuously and the physiolog ical variables were measured intermittently. After 45-60 min spontaneous respiration was regained and the ani mals were extubated after removal of the arterial catheter and suturing of the wounds. Controls underwent the iden tical surgical procedure except for induction of ischemia.
Determination of local cerebral glucose utilization
After 2-week, 3-week, and 3-month recovery, the ani mals were subjected to the standard procedures for mea suring local cerebral glucose utilization as described by Sokoloff et al. (1977) . In brief, the rats were reanesthe tized with 1% halothane in a 70:30 mixture of nitrous oxide and oxygen. The femoral artery and vein were can nulated and lidocaine gel was applied to the wound before Values are means ± SD. Values measured 10 min prior to injection of [14C]2-deoxyglucose were obtained from spontaneously breathing animals. After recovery from ischemia, rats were randomly assigned to the different groups.
closing it. Then the animals were restrained with plaster casts covering the hindlimbs and lower abdomen, leaving forelimbs and thorax free. They were then fixed on a preparation desk, body temperature being closely held to 37°C with a heating lamp. The rats were allowed to re cover from anesthesia for 2 h. After physiological vari ables were checked, 80 f1Ci/kg e4C]2-deoxyglucose (spec. act. 52.5-57.3 mCilmmol; Biotrend, Koln, F.R.G.) dissolved in physiological saline was injected via the fem oral vein within 20 s. During the ensuing 45 min, 16 timed arterial blood samples were drawn from the arterial cath eter. They were immediately centrifuged (Microfuge B; Beckman) and assayed for radioactivity (Tri Carb 460 CD; Packard Instr., Downers Grove, IL, U.S.A.) and plasma glucose (Glucose Analyzer II). After 45 min the rats were injected with a lethal dose of pentobarbital and decapitated; the brains were rapidly dissected out and frozen in isopentane chilled to -50°e. Until sectioning the brains were stored at -70°e. Twenty-micron coronal sections were cut in a cryostat [plane of sectioning ac cording to the frontal plane given in the atlases of Paxinos and Watson (1982) and Zilles (1985) ), thaw-mounted on coverslips, glued to cardboard, and exposed to Osray M3 film (Agfa-Gevaert, Leverkusen, F.R.G.) together with precalibrated e4C]methyimethacryiate standards for 14 days.
Histological techniques
Adjacent sections were mounted on chrome-alum gelatin-coated slides, fixed in buffered formaldehyde, and stained for perikarya with cresyl violet (Burck, 1973) and acetylcholinesterase (Karnovsky and Roots, 1964) for identification of hippocampal architecture.
Image analysis
Analysis was performed using an IBAS 1 + 2 image an alyzer (Kontron, Eching, F.R.G.) as described by Zilles et al. (1986) . Briefly, autoradiograms were digitized with a spatial resolution of 14 x 14 f1m per pixel. Glucose utilization values were calculated in two steps. First, im ages were printed as hard copies. In the prints, anatom ical structures were outlined by superimposing the prints with adjacent Nissl-or acetylcholinesterase-stained sec tions using a drawing tube attached to a microscope. The gray values were transferred to a microcomputer (2200 MVP; Wang, Lowell, MA, U.S.A.) and transformed to glucose utilization values by using the operational equa tion for changing arterial plasma levels (Savaki et aI., 1980) . Layer-specific glucose utilization was measured by superimposing the prints with the topographical data ar ray of glucose utilization values stored in the computer and by selecting the region of interest according to the anatomical boundaries marked previously. In each of the rats 10--12 autoradiograms were measured.
Data analysis
Data on glucose utilization are presented as means ± SD. Both hemispheres were analyzed separately and were not pooled. Since there were no significant differ ences in glucose utilization between left and right hemi spheres, only values of the left hemispheres are pre sented. Statistical analysis was performed using the Kruskal-Wallis H test.
RESULTS
Determination of physiological parameters did not reveal any significant differences between con-J Cereb Blood Flow Metab, Vol. 10, No.4, 1990 trol and experimental groups (Table 1 ). There were no major motor or behavioral deficits noticeable in the various ischemic groups. Histological analysis confirmed consistent and severe damage in the py ramidal layer of CAl ' At 2 weeks post ischemia, considerable numbers of necrotic cells were already removed, a process that seemed to be completed at 3 weeks. At 3 months there were hardly any pyra midal cells in CAl detectable (Fig. 1) .
The results reflect a clear-cut pattern of altered glucose utilization within the hippocampal region, with increases in glucose utilization occurring only in the CAl sector at 2 and 3 weeks post ischemia ( Table 2 ; Fig. 2 ). At 2 weeks post ischemia, the pyramidal and radiatum layers of CAl showed in creases in glucose utilization of 38.6 and 13.6%, re spectively, compared with nonischemic controls. At the same time point, glucose utilization dropped significantly by 15.1% in the alveus. In the layers of almost all other hippocampal sectors and in the den tate gyrus, postischemic glucose utilization was sig nificantly reduced compared with controls, the per centages of reduction ranging from 17.4 to 33.7%.
At 3 weeks post ischemia, the increases in glu cose utilization within the CAl sector still persisted. With the increases amounting from 20.6 to 55.1%, they were even more pronounced than at 2 weeks, and in addition to pyramidal and radiatum layers, both the oriens and the lacunosum-molecular layers showed significantly higher glucose utilization than controls. Consistently, the most pronounced eleva tions of glucose utilization were measured in the pyramidal layer, where levels rose by 38.6 and 55. 1% at 2 and 3 weeks, respectively. Again, in all other hippocampal areas and in the dentate gyrus, glucose utilization was depressed at 3 weeks. At 3 months post ischemia, glucose utilization was com pletely changed. Reductions prevailed throughout the entire hippocampus and dentate gyrus; also in the CAl sector glucose utilization dropped -30% compared with controls.
DISCUSSION
In the present report we describe layer-and sec tor-specific alterations in hippocampal glucose uti lization up to 3 months post ischemia. Three points merit consideration: (a) Elevations of glucose utili zation occur only in the CAl sector, where ischemic cell damage is most severe. (b) In the CAl sector, a further, secondary increase in glucose utilization occurs during the third week post ischemia. (c) The regions that are more resistant to ischemia show a permanently depressed glucose utilization, while glucose utilization in CAl is depressed only at 3 months post ischemia.
FIG. 1. Micrographs of Nissl-stained rat brain dorsal CA 1 area at the level of �5.2 mm anterior to the interaural plane (Paxinos and Watson, 1982) . a: control rat; b: 2-week recovery; c: 3-week recovery; d: 3-month recovery of postischemic rats. 1, alveus; 2, oriens layer; 3, pyramidal layer; 4, radiatum layer; 5, lacunosum-molecular layer. Bar = 100 f,Lm and applies to (aHd).
The application of the 2-deoxyglucose technique to ischemic or postischemic brains deserves careful evaluation. In postischemic brains calculation of ce rebral glucose utilization is subject to potential er rors introduced by (a) alterations in the rate con stants and (b) changes of the lumped constant. Changes in the rate constants were reported to oc cur during early recirculation (Hawkins et aI., 1981; Nakai et aI., 1987 Nakai et aI., , 1988 . Presumably this aspect is of minor significance weeks or even months after ischemia. Moreover, the terms in the operational equation containing the rate constants approach zero, provided 45 min is allowed to pass for mea surement of cerebral glucose utilization. Under these conditions even a fivefold change in the constants would cause an error only of <5% of the calculated glucose utilization (Sokoloff et aI., 1977) . However, the rate constants change by only 19-39% 16 h after middle cerebral artery occlusion (Nakai et aI., 1988) . Errors introduced by an altered lumped constant cannot be minimized time depen dently. However, previous data show that the lumped constant either returns to normal levels at 70 min of recirculation or is not changed after a I-h occlusion of the middle cerebral artery (Ginsberg and Reivich, 1979; Nakai et aI., 1987) . In a positron emission tomography study, Hawkins et al. (1981) measured only minor changes in the lumped con stant in stroke patients. As recently demonstrated by application of the e4C]u-aminoisobutyric acid method, the blood-brain barrier may recover rap-idly after a transient ischemia, suggesting that there is no major interference with glucose transport and phosphorylation after long-term recovery (Dobbin et aI., 1989) .
Recently, we published data on the layer-specific glucose utilization in normal rat hippocampus and dentate gyrus (Wree et aI. , 1988) . In continuation of this work we reported glucose utilization was in creased in pyramidal and radiatum layers of the CAl sector 7 days after transient forebrain ischemia, but reduced in all other hippocampal areas and dentate gyrus (Beck et aI., 1989) .
Despite varying durations of ischemia and recir culation, the findings of an increased glucose utili zation in CAl are in agreement with earlier reports (Izumiyama et aI., 1987) , showing that 30 min after a lO-min ischemia, eH]2-deoxyglucose uptake in creased primarily in perikarya of the pyramidal layer and on thin dendrites of the radiatum layer. They are also supported by semiquantitative data of augmented 2-deoxyglucose uptake in stratum oriens, radiatum, and pyramidale at 4 min of recir culation after a 10-min tourniquet-induced ischemia in the rat (Diemer and Siemkowicz, 1980) . In a qual itative assay, Suzuki et al. (1983) pointed out that at 10 min of recirculation after 5 min of ischemia in the gerbil, 2-deoxyglucose uptake was increased in the CAl sector, persisting in some animals up to 24 h post ischemia, but dropped below normal control levels at 2 days. Pulsinelli et al. (l982b) measured a depression of hippocampal glucose utilization after 30 min of forebrain ischemia and subsequent 48 h of recirculation. While differences in duration of isch emia, species, and experimental paradigms may im pair the comparability with our data, Kozuka et ai. (1989) using identical experimental conditions re corded reduced glucose utilization in CAl at 3-12 h post ischemia and in CA 3 at 3-18 h post ischemia. In essence, this comparison with the data of the present work would suggest a quadruphasic alter ation of postischemic glucose utilization in the CAl sector: increases during very early (4--30 min) recir culation, depression after intermediate recirculation times up to 2 days, followed by increases at 1-3 weeks when overt cell damage is evident, and a final drop below control levels at 3 months post ischemia.
Postischemic hippocampal glucose utilization may be assumed to reflect mainly increased excit-J Cereb Blood Flow Metab, Vol. 10, No.4, 1990 atory input via the perforant path. Since the pyra midal cells are ultimately lost as postsynaptic tar gets, the increased excitatory input should lead not only to immediate pathobiochemical effects but also to long-lasting alterations within the hippocampal circuitry. While the acute postischemic changes in extracellular Ca 2 +, glutamate, and aspartate con centrations are well described (Benveniste et aI., 1984; Andine et aI., 1988) , less is known about re mote consequences of a transient ischemia on hip pocampal circuitry.
We hold the view that the increases in glucose utilization up to 3 weeks point to a long-lasting im balance between inhibition and excitation in hip pocampal circuitry. Electrophysiological data sup port this notion. Tetanic stimulation of hippocampal pathways can result in pronounced enhancement of transmission, the underlying electrophysiological FIG. 2. Frontal sections of the rat brain dorsal hippocampus at the level of -5.2 mm anterior to the interaural plane (Paxinos and Watson, 1982) . [ 1 4Cj2-Deoxyglucose autoradiograms transformed to local cerebral glucose utilization (LCGU) are given as /-Lmo1/100 g/min. Different ranges of LCGU are plotted in different print modes according to the scale given at the bottom. In the LCGU prints, areal and laminar boundaries are traced by superimposing the prints on the adjacent Nissl-and acetylcholines terase-stained sections. a: control rat; b: 2-week recovery; c: 3-week recovery; d: 3-month recovery of postischemic rats. 1-5: sector 1 of Ammon's horn-1, alveus; 2, oriens layer; 3, pyramidal layer; 4, radiatum layer; 5, lacunosum-molecular layer; 6-9: sector 2 of Ammon's horn-6, alveus; 7, oriens layer; 8, pyramidal layer; 9, radiatum layer; 10-15: sector 3 of Ammon's horn-10, alveus; 11, oriens layer; 12, pyramidal layer; 13, lucidum layer; 14, radiatum layer; 15, lacunosum-molecular layer of CA2 and CA3; 16, sector 4 of Ammon's horn, all layers; 17-18: external limb of dentate gyrus-17, molecular layer; 18, granular layer; 19: multiform layer of dentate gyrus, external and internal limb; 20-21: internal limb of dentate gyrus-20, granular layer; 21, molecular layer.
processes showing decay times of 5.3 and 37 days (Barnes, 1979) . N-Methyl-D-aspartate (NMDA) re ceptor activation is crucially involved not only in the initiation but also in the maintenance of late phases of long-term potentiation (Reymann et al., 1989) . Since at 2 and 3 weeks the pyramidal layer is almost devoid of postsynaptic targets, either pre synaptic terminals or interneurons supposedly ac count for persistently increased firing rates and hence glucose utilization as measured in the present study. In this context it is especially intriguing that even at 14 days after transient ischemia, -y-amino butyrateergic terminals in the pyramidal layer orig inating from cell bodies in the oriens layer are pre served (Nitsch et al., 1989a) . Possibly, the loss of postsynaptic targets is associated with a progres sive loss of feedback inhibition and hence increased activity of the presynaptic cell bodies. Our finding of a secondary elevation of glucose utilization in the oriens layer between 2 and 3 weeks would support this notion, since the hippocampal interneurons in the oriens layer of CAl were demonstrated to be relatively ischemia resistant (Johansen et al., 1983; Nitsch et al. , 1989b) . It is also intriguing that Crepel et al. (1988) pointed out that 10 days post ischemia 40% of NMDA binding sites in the CAl sector are still present and suggested them to be located on interneurons. Data of previous reports are also sup portive of not only a postsynaptic but also a pre synaptic localization of NMDA receptors (Baudry et al., 1983; Collingridge et al. , 1983; Baudry and Lynch, 1984) .
However, the question remains of why glucose utilization is constantly depressed in all other hip pocampal areas and the dentate gyrus. It is tempting to associate the reduced neuronal activity in these areas with decreased synaptic transmission, an as sumption that is backed by the fact that ischemia leads to an early loss of somatostatin-positive neu rons in the hilus, which are thought to normally excite -y-aminobutyrateergic neurons in the dentate gyrus (Johansen et al., 1987) . Decreased synaptic transmission should be mirrored by a decrease in binding sites for excitotoxins, a finding that was indeed reported to occur in otherwise intact CA3 and dentate gyrus 7 days post ischemia, binding for eH] [( ± )2-carboxypiperazin-4-yl]-propyl-I-phos phonic acid being roughly halved (Onodera et aI., 1989) . Thus, reduction of excitatory input to sub populations of inhibitory neurons could lead to re duced glucose utilization in distinct areas. More over, one should bear in mind that electrical stim ulation of the hippocampal formation produces not only long-lasting stimulation of synaptic transmis sion in terms of long-term potentiation, but remark ably also a long-lasting depression of synaptic trans mission, termed "long-term depression" (Sastry et aI., 1985; Bramham and Srebro, 1987) , that would be compatible with our data of decreases in glucose utilization.
It may be argued, however, that increases in met abolic activity of glial cells may have contributed to our results. In fact, previous studies suggest that glia cells show high eH]2-deoxyglucose uptake al ready in normal rat brain (Benson et aI., 1985; Dun can et aI., 1987) and also in cell culture astrocytes were metabolically more active than cortical neu rons (Hertz et aI., 1988) . Quite recent results indi cate that in cats subjected to reversible occlusion of the middle cerebral artery, high glucose utilization was correlated to the grade of phagocytotic activity 7 days post ischemia (Komatsumoto et aI., 1989) . However, the time profile of cell proliferation after ischemia is quite different from the changes in glu cose utilization we measured. [ 3 H]Thymidine incor poration showed a maximum already at 6 days post ischemia (Du Bois et aI., 1985) . Moreover, reactive astrocytes could be visualized also in the CA 2 and CA 3 sectors of postischemic brains, and our results of a decreased glucose utilization in these areas af ter ischemia can thus hardly be traced back to stim ulated glial metabolism (Yamamoto et aI., 1986) . For this reason it is hard to conceive that glial cell metabolism could have considerably influenced the magnitude of glucose utilization.
In conclusion, we demonstrate that ischemia in duces very long-lasting alterations of glucose utili zation in the hippocampus, up to 3 months post ischemia, that are not confined to selectively vul nerable regions. In the vulnerable CAl region, in creases persisted up to 3 weeks after the insult, re flecting ongoing excitatory processes. This war rants further studies to localize these increases on the subcellular level during this time range. 
